Adrenergic Signaling Regulates Mitochondrial Ca(2+) Uptake Through Pyk2-Dependent Tyrosine Phosphorylation of the Mitochondrial Ca(2+) Uniporter. by O-Uchi, Jin et al.
Jin O-Uchi 
                                 1 
Supporting Online Material for:  
Adrenergic signaling regulates mitochondrial Ca2+ uptake through Pyk2-dependent 
tyrosine phosphorylation of the mitochondrial Ca2+ uniporter 
 
Jin O-Uchi1g*, Bong Sook Jhun1g, Shangcheng Xu2, Stephen Hurst1, Anna Raffaello3, 
Xiaoyun Liu2, Bing Yi1, HuIliang Zhang2, Polina Gross1, Jyotsna Mishra1, Alina Ainbinder4, 
Sarah Kettlewell5, Godfrey L. Smith5, Robert T. Dirksen4, Wang Wang2, Rosario Rizzuto3, 
and Shey-Shing Sheu1* 
 
1Center for Translational Medicine, Department of Medicine,  
Thomas Jefferson University, Philadelphia, PA 19107 USA 
2Mitochondria and Metabolism Center, Department of Anesthesiology and Pain Medicine, 
University of Washington, Seattle, Washington 98109 USA 
3Department of Biomedical Sciences,  
University of Padua and CNR Neuroscience Institute, Padua, Italy 
4Department of Pharmacology and Physiology 
University of Rochester Medical Center, Rochester, NY  14642 USA 
5Institute of Cardiovascular and Medical Science, 
University of Glasgow, Glasgow, United Kingdom 
 
This PDF file includes: 
Supplementary Material and Methods 




                                 2 
Supplementary Material and Methods 
Plasmids, antibodies and reagents 
The following plasmids were used for the experiments: mouse WT-MCU (CCDC109A), 
MCU-D260Q,E263Q mutant (MCU-DN), MCUB (CCDC109B) tagged with EGFP (in 
pEGFP-N1) and Flag (in pcDNA3.1(+)) (Tags are fused at C-terminus of MCU)(2,18); 
mitochondria-targeted Ca2+ biosensor (Mitycam) in pcDNA3.1(+)(9); mitochondrial 
matrix-targeted DsRed (mt-RFP) in pDsRed1-N1 (the mitochondrial transit sequence of 
human isovaleryl coenzyme A dehydrogenase was fused to the N-terminus of RFP) 
(kindly provided by Dr. Yisang Yoon at Georgia Regents University, Augusta, GA)(25); 
GFP-tagged Pyk2-K457A (Pyk2-KD) (kindly provided by Dr. Francisco Sanchez-Madrid, 
Centro Nacional de Investigaciones Cardiovasculares, Madrid, Spain); GFP-tagged 
Smac in pEGFP-N1 (Kindly provided by Dr. Douglas R. Green, St Jude Children's 
Research Hospital, Memphis, TN); α1A-adrenergic receptor (Kindly provided by Dr. 
Robert J Lefkowitz, Duke University Medical Center, Durham, NC);  
pSuper-siRNA-Pyk2 (19-mer sequences present in the coding sequence of rat Pyk2. 
5′-tgcacagtgcagacagaga-3′) (19) and pSuper empty vector (Kindly provided by Dr. C. 
Laura Sayas, University Autonoma de Madrid, Madrid, Spain);  pEGFP-C1, 
pEDsRed-N1 and pCIneo (Clontech, Mountain View, CA) and pcDNA3.1/hygro(+) (Life 
Technologies, Grand Island, NY). Full-length of Mitycam was dissected from 
pcDNA3.1(+) and was inserted into pCI-neo at EcoR1 and Not1 sites (Mitycam in 
pCIneo) (14). Full-length of MCU was dissected from MCU-GFP in pEGFP-N1 and was 
inserted into pDsRed-N1 at EcoRI and BamHI (MCU-RFP). The fragment of MCU 
including mutated residues (D260N, E263Q) was dissected from 
pcDNA3.1(+)-MCU-D260Q,E263Q-flag by BsiWI and was inserted into MCU-GFP in 
pEGFP-N1 (MCU-D260Q,E263Q-GFP in pEGFP-N1) . Adenoviral cpYFP were used for 
infecting rat adult cardiomyocyte (ACM)s (22,24). 
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All reagents and antibodies were purchased from Sigma-Aldrich Corporation. (St. 
Louis, MO) unless otherwise indicated. Mito-TEMPO (Santa Cruz Biotechnology, Santa 
Cruz, Ca); prazosin hydrochloride (Tokyo Chemical Industry Co., Ltd., Tokyo Japan); 
and siRNA-human Pyk2 (Santa Cruz Biotechnology). 
The following antibodies were used for immunoblot, immunoprecipitation and 
kinase assay; anti-MCU (rabbit polyclonal), anti-PKD1, α-tubulin, anti-Flag and anti-GFP 
(mouse monoclonal) antibodies (Sigma-Aldrich Corporation, St. Louis, MO); anti-MICU1, 
anti-SERCA2 (for Fig.2), anti-Mfn2 (Abcam, Cambridge, UK); anti-Cyp-D (Thermo 
Scientific, Rockford, IL) ;  anti-phospho-PKD Ser916, anti-VDAC, anti-SERCA2 (for Figs. 
4&5), anti-phospho-Pyk2(Y402), anti-Pyk2, anti-caspase 3, anti-cleaved-caspase 3, 
anti-Omi, anti-GFP (rabbit monoclonal) antibodies) (Cell Signaling, Danvers, MA)  
anti-cytochrome C and anti-Opa1 antibody (BD Biosciences, San Jose, CA).; anti-GFP 
(mouse monoclonal) antibody Roche, Mannheim, Germany); anti-phospho-tyrosine 
antibody (Millipore, Billerica, MA); and anti-MCU antibody (goat polyclonal) (for IP) (Santa 
Cruz Biotechnology). 
Cell cultures 
Rat cardiac myoblast cell line (H9c2 cells) (American Type Culture Collection, 
Manassas, VA) (14,26) and HEK293T cells (kindly provided by Dr. Keigi Fujiwara at 
University of Rochester, Rochester NY) (15) was maintained in high glucose (4.5 g/L) 
Dulbecco's modified Eagle's medium (Mediatech/Corning, Corning NY) supplemented 
with 10% fetal bovine serum (GIBCO, Grand Island, NY), 100 U/ml penicillin, 100 µg/mL 
streptomycin (Mediatech/Corning) and 1% L-glutamax (Life Technologies) at 37ºC with 
5% CO2 in a humidified incubator. Cells were transfected with plasmids using 
FUGENE-HD transfection regents (Promega, Madison, WI) or with siRNA using 
Lipofectamine RNAiMAX (Life Technologies), re-plated 24 hours after transfection by 
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using Accutase (Innovative Cell Technologies, San Diego CA) and used for experiments 
48 hours after transfection (15). 
Neonatal rat ventricular myocytes(NCM)s were isolated from 3- to 4-day-old 
Sprague-Dawley rats using collagenase type 2 (Worthington, Lakewood NJ), plated onto 
laminin (BD Bioscience, San Jose, CA)-coated dishes and cultured overnight in 
Dulbecco’s modified Eagle’s medium(DMEM) containing 10% fetal bovine serum as 
described previously (7). Seventy-two hours after isolation, neonatal cardiomyocytes 
were used for experiments. For transfection, NCMs were transfected in non-serum 
DMEM using FUGENE-HD transfection regents (Promega, Madison, WI)(3) 
Adult rat single ventricular myocytes (ACMs) were prepared from adult male 
Sprague-Dawley rats (250-300 g) using collagenase type 2 (Worthington, Lakewood NJ) 
and protease as we previously described (7,15,16)and suspended in Tyrode’s solution 
(mM): NaCl, 136.9; KCl, 5.4; CaCl2, 1; MgCl2, 0.5; NaH2PO4, 0.33; HEPES, 5; glucose, 5, 
pH 7.40 adjusted with NaOH. Myocytes were plated on laminin-coated coverslips and 
incubated at 37 °C, 5% CO2 in DMEM containing 5% fetal bovine serum, 50 units/ml 
penicillin, 50 μg/ml streptomycin, 5 mM taurine, 5 mM carnitine, and 5 mM creatine (7) 
After a 2-hr incubation, culture medium was replaced with adenovirus-diluted serum free 
DMEM and incubated for 2 hr. Serum-free culture medium was changed every day to 
remove unattached cells. The cells after 24hr and 40hr infection were used for 
experiments. 
 HEK293T cells, H9C2 cells and native cardiomyocytes were stimulated by 100 
μM phenylephrine (Phe)  for 15min and used for Ca2+ measurements or protein assays, 
otherwise dedicated. Cells were pre-incubated by prazoisn (1 μM), PF-431396 (10 μM), 
N-acetylcysteine (NAC) (10 mM) and Mito-TEMPO (10 μM) for 10 min, 2 hours, 2 hours 
and overnight, prior to Phe stimulation, respectively. For native cardiomyocytes, high 
dose of Phe, (>10µM) shows less receptor specificity and activates not only α1-AR 
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signaling, but also non-selectively activates β-AR signaling due to the high expression 
level of β-AR as we reported (16). Therefore, we used β-AR antagonist 1 μM propranorol 
in the extracellular solution for native cardiomyocytes to block the contamination of β-AR 
effects when stimulated by 100 μM Phe (16).                                                       
Generation of MCU-stably expressed HEK293T cell lines 
Stable HEK293T cells carrying MCU-Flag were generated by transfecting with MCU-Flag 
in pcDNA3.1(+) and selected with 1600 μg/mL G-418 (Mediatech/Corning). One month 
after starting selection under 1200 μg/mL G-418, cell colonies were isolated under the 
microscope and were maintained in 1200 μg/ml G-418. Expression level of MCU-Flag 
was confirmed by Western blotting. 
Mitochondrial protein isolation and Western blot analysis 
Mitochondria-enriched protein fractions were isolated as previously described (4,14). At 
first, cells were cultured in 10 cm dishes, washed by isolation buffer (320 mM sucrose, 1 
mM EDTA, 10 mM Tris-HCl (pH7.4)), removed from dishes, and collected by centrifuge at 
700xg. Cells were re-suspended with isolation buffer containing protease inhibitor cocktail 
and phosphatase inhibitor cocktail (Roche, Mannheim, Germany) and homogenized with 
Dounce homogenizer, followed by centrifugation at 700 xg. Then, the supernatant was 
collected and mitochondrial proteins and cytosolic proteins containing 
sarcoplasmic/endoplasmic reticulum proteins were separated by centrifugation at 
17,000xg. The pellet (mitochondria-enriched protein fraction) was re-suspended by lysis 
buffer (Cell Signaling Technology) containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 
mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.2 % SDS, 2.5 mM sodium pyrophosphate, 1 
μM β-Glycerolphoshpate, 1 mM NaVO4, 50 mM NaF, 1 mM PMSF and 1% protease 
inhibitor cocktail (Sigma-Aldrich). Whole cell lysates were also prepared from HEK293T 
cells, H9c2 cells, NCMs and ACMs as described previously (7,14,16). Cell lysates were 
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centrifuged at 20,000g for 15 min at 4 ºC and the supernatants were collected as whole 
cell lysates. 
All animal experiments were performed in accordance with the Guideline on 
Animal Experimentation of Thomas Jefferson University. The study protocol was 
approved by the Animal Care Committee of Thomas Jefferson University. The 
investigation conformed to the Guideline for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH).    
Whole cell lysates, mitochondrial and cytosolic proteins were separated by 
sodium dodecyl sulfate polyacrylamide (SDS)-PAGE and were transferred to 
nitrocellulose membrane and incubated with primary antibodies, followed by incubating 
with fluorescence-conjugated secondary antibodies (LI-COR Biotechnology, Nebraska). 
For electrophoresis under nondissociating conditions, mitochondrial proteins were 
separated by 10% polyacrylamide gel (Native-PAGE) at 4 ºC (18,20).  
Immunoprecipitation was performed as we previously descried (7,16). The 
whole cell lysates (500 μg for HEK293T, H9C2 cells and NCMs and 200 μg for ACMs) or 
mitochondria-enriched fraction proteins (200 μg for H9C2 cells) were incubated with 
primary antibodies (1μg) for overnight at 4oC and then protein A/G Plus Agarose (Santa 
Cruz Biotechnology) were added for 2 h at 4oC. Immunocomplexes were washed three 
times with lysis buffer and subsequently subjected to Western blot analysis. 
Immunoreactive bands were visualized by Odyssey Infrared Imaging System (LI-COR 
Biotechnology). 
For loading controls, we used VDAC and SERCA band intensity for 
mitochondria-enriched protein fraction and cytosolic (including SR) fraction, respectively 
and normalized the band intensity in each fraction protein to each loading control proteins 
(14). Densitometric quantification of Western blots were performed by Image J software 
(NIH).  
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To investigate the sub-mitochondrial localization of Pyk2, Proteinase K (PK) 
digestion protocol was performed with a series of detergent concentrations to differentially 
permeabilize the outer (OMM) and inner mitochondrial membranes (IMM) as previously 
reported (1). Proteins with known localization are immunoblotted and labeled according to 
their topology (see supplementary Fig. 8).  
 
In vitro Kinase assay 
MCU-Flag protein was purified by IP from HEK293Tcell stably-overexpressing MCU and 
used as substrate. 0.1 g of recombinant human PyK2 cathartic subunit peptide (360-690) 
(SignalChem, Richmond, BC, Canada) and 2 μg of purified MCU-Flag protein substrates 
were incubated in a reaction buffer containing 40 mM Tris-HCl (pH 7.5), 20 mM MgCl2 
and 0.1 mg/ml BSA, 250 μM ATP. The mixture was incubated at 30°C for 30 min, stopped 
by adding SDS-sample buffer, and electrophoresed in a denaturing polyacrylamide gel. 
Tyrosine phosphorylation was detected by anti-phospho-tyrosine antibody.  
In vitro binding assay 
The protein membrane overlay binding assay was used for evaluating the specific 
interaction between soluble (Pyk2) and insoluble proteins (MCU) (21). At first, 1ug 
recombinant protein of GST-tagged human MCU (Abnova, Taipei City, Taiwan) and 1ug 
GST protein (Sigma-Ardrich) was subjected to Standard electrophoresis by 15 % 
SDS-PAGE. After electrophoresis, the gel was placed in the transfer buffer (60 mM 
Glycine, 10 mM Tris, 0.0006% SDS, 20% MeOH) and incubate with gentle agitation for 20 
min at room temperature and then standard electrotransfer was performed. After 
electrotransfer, membrane-bound proteins were Re-folding by denature buffer, followed 
by the probing by the recombinant His-tagged full-length human Pyk2 (Enzo Bioscience, 
Farmingdale, NY). His-kallikrein-1 (KLK-1) (serine protease) (GenScript, Piscataway, NJ) 
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was also probed to another set of membrane as a negative control. Specific interaction of 
GST-MCU and His-Pyk2 was visualized by anti-GST- and anti-His antibodies (GenScript)  
Live cell imaging in confocal microscopy and image analysis 
[Ca2+]mt measurement using mitochondria-targeted Ca2+ biosensor Mitycam (9,14), [Ca2+]c 
measurement using Fura-Red (14), FRET measurement, mitochondrial superoxide levels 
by MitoSOX-Red  (14), visualizing the release of mitochondrial intermembrane space 
proteins by OMM permeabilization (13), the measurement of mitochondrial superoxide 
flashes by mtcpYFP (22) and detection of caspases 3/7 activity (12) were observed in live 
cells using laser scanning confocal microscope (Olympus, Tokyo Japan) at room 
temperature. Cells were plated on glass-bottom 35 mm dishes (Matek, Ashland, MA) for 
observation. Cell culture medium was replaced by Tyrode’s solution containing 1mM 
Ca2+during observation (7). 
Quantitative co-localization co-efficiency analysis 
Scatter 2D plots of pixel intensities in red (mt-RFP) and green (Mitycam) channels were 
generated by Image J software (NIH) (14). Quantitative co-localization analysis for 
MCU-DsRed and GFP-Pyk2 was performed using Image J software (NIH) with an 
Intensity Correlation Analysis plug-in (The Bob and Joan Wright Cell Imaging Facility, 
Toronto Western Hospital). Co-localization was estimated using Mander’s overlap 
coefficient according to Manders (27). The values for Manders’ overlap coefficient are 
ranged from 1 to 0. A value of 1 represents high co-localization; 0 represent low 
co-localization. Quantitative co-localization analysis was performed using Image J 
software (NIH) with an Intensity Correlation Analysis plug-in provided by The Bob and 
Joan Wright Cell Imaging Facility, Toronto Western Hospital. 
Measurement of [Ca2+]m and [Ca2+]c in live cells 
Mitochondria-targeted Ca2+ biosensor Mitycam were used for the measurements of 
intra-mitochondrial Ca2+ concentration ([Ca2+]mt) under confocal microscope. Mitycam 
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fluorescence was measured with excitation at 488nm (an excitation peak reported is at 
498 nm and with emission at 530 nm) every 2 sec. Mitycam fluorescence (F) is converted 
into 1 − (ΔF / F0), which shows the changes in [Ca2+]mt, where Fo stands for initial 
fluorescence levels (9,14). There were no significant changes of Fo between the different 
experimental settings used in this study (see supplementary Fig. 15). 
Measurement of [Ca2+]c was measured by loading the cells with Fura-red 
(5,6,8,14). Cells were incubated with Fura-red (10 μM) (Life Technologies) in a culture 
medium for 15 min at 37 °C. The cells were extensively washed by Tyrode’s solution 
containing 1mM Ca2+ and were observed using FV1000 confocal system (Olympus). 
Fura-red was excited by 488-nm laser line and fluorescence was detected in 655- to 
755-nm filters. All experiments were done at room temperature. 
For simultaneous measurement of [Ca2+]m and [Ca2+]c, Mitycam and Fura-red 
were excited by 488-nm laser line and the fluorescence signal was separated into two 
channels collected through 505 to 605 nm (for Mitycam) and 655 to 755 nm (for Fura-red) 
filters. All experiments were done at room temperature. 
We used an inhibitor of the sarco/endoplasmic Ca2+-ATPase (SERCA), 
thapsigargin (TG, 3 μM) for evoking the elevation of [Ca2+]m and [Ca2+]c (10) instead of 
Gq-protein coupled receptor (GqPCR)-mediated ER Ca2+-release in this study for following 
reasons. 
1. α1-AR belongs to GqPCR family and shares the same downstream signaling with other 
GqPCRs expressing H9C2 cells (see supplementary Fig.4). If we use GqPCR-mediated 
ER/SR acute Ca2+-release to trigger mitochondrial Ca2+ uptake through MCU after Phe 
pretreatment, this trigger itself will not only induces [Ca2+]c elevation, but also activates (or 
add modifications to) GqPCR downstream signaling. Therefore, the use of 
GqPCR-mediated ER/SR acute Ca2+-release is not favorable for interpreting the observed 
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results in this study because final effect will become a mixture of two GqPCR signaling 
pathways. 
2. Not like other GqPCRs expressed in this cell line (10,14,17), acute Phe treatment did 
not show global cytosolic Ca2+ elevation induce by Ca2+ release from SR/ER through IP3 
receptor (see supplementary Fig.1), possibly due to less IP3 generation upon stimulation 
by lower endogenous expression levels of α1-AR in this cell line (supplementary Fig. 3). 
However, Phe was able to activate downstream signaling similar levels to those by the 
other GqPCR agonists (supplementary Fig. 4). Therefore, we can activate α1-AR signaling 
without IP3-based global ER Ca2+ release by pretreatment of Phe and assess the effect of 
this signaling on mitochondrial Ca2+ uptake after full activation of α1-AR signaling by 
triggering [Ca2+]c elevation by TG. 
3. In addition, Pyk2 is a Ca2+-dependent kinase (see the data using ionomycin in 
supplementary Fig.12), but TG treatment itself which we used as a trigger for 
mitochondrial Ca2+ uptake does not significantly activate Pyk2 in this cell line 
(supplementary Fig.12). 
Measurement of Mitochondrial superoxide level 
To measure mitochondrial superoxide levels in live cells, MitoSOX Red (Life 
Technologies) was used and fluorescence intensity was measured by confocal 
microscopy before and after Phe stimulation (4,14). Cells were stimulated by Phe for 30 
min and MitoSOX Red intensity (excitation 510 nm/emission 580 nm) was measured form 
individual cells and used for statistical analysis. Cell shape was monitored by phase 
contract mode and MitoSOX Red intensity was measured as a averaged intensity from 
whole cell area. A complex III inhibitor, 10 µM antimycin A was used after Phe stimulation 
to confirm that fluorescence intensity does not saturate during experiments by inducing 
maximum superoxide production by antimycin A. For each experimental set, cells with no 
treatments were prepared from same passage of cells, stained with Mitosox Red, 
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visualized with same PMT power and used as a control. All data was normalized to the 
intensity obtained from that of the control cells.  
Visualization of the outer mitochondrial membrane permeability  
For visualizing the release of mitochondrial intermembrane space proteins by 
mitochondrial outer membrane (OMM) permeabilization including mPTP pore opening, 
H9C2 cells transfected by Smac-GFP were used (13). Cells were treated with stimulants, 
and set on the confocal microscope stage. Images were taken every 0.5 min. The 
changes in standard deviation (SD) of the fluorescence intensity of the pixels will be 
analyzed to monitor Smac-GFP release from mitochondria to cytosolic space 
(punctate/diffuse index)(13). Images were analyzed with Image J software (NIH) by 
drawing regions around individual cells and then computing SD of the intensity of the 
pixels (punctate/diffuse). 
Förster resonance energy transfer (FRET) analysis 
Förster resonance energy transfer (FRET) analysis was performed by the combination of 
GFP-Pyk2 (donor) and MCU-DsRed (acceptor) to determine the interaction of these two 
molecules in situ as described previously (11,18). We confirmed that MCU-DsRed 
construct was exclusively expressed at mitochondria in H9C2 cells by co-transfection with 
mt-GFP (data not shown). FRET signal from GFP-Pyk2/MCU-Dsred were observed upon 
excitation at 488 nm. Two emission peaks at 508 nm (GFP) and 583 nm (DsRed) were 
detected in two channels with 505-540, 575-675nm filter, respectively. FRET efficiency 
was determined as a FRET/GFP ratio (18). 
Imaging Mitochondrial Superoxide Flashes (mSOF) 
Confocal imaging for cardiac myocytes were obtained from cpYFP-infected rat adult 
cardiomyocytes as we previously described method using a Zeiss LSM 510 Meta 
confocal microscope equipped with a 40×, 1.3 NA oil immersion objective (22,24). Cells 
were incubated in Krebs-Henseleit buffer solution with 1 mm CaCl2 at room temperature 
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for flash measurements. Dual-excitation imaging of mt-cpYFP was achieved by 
alternating excitation at 405 and 488 nm and collecting emission at >505 nm. Time-lapse 
mages were acquired at 1024 × 1024 resolution for 100 frames, 1.0 s/frame. 
Analysis of apoptosis signals and cell death 
Caspase 3 activation was evaluated by Western blotting using cleaved caspase 3 
(17Kda) / procaspase 3 ratio detected by specific antibodies (23). For determine the 
apoptosis signal activation in live cell images, ACMs were treated with CellEvent 
Caspase-3/7 Green Detection Reagent (Life Technologies) before or after Phe 
stimulation and were incubated for 30 min at room temperature. This Reagent consists 
of a four amino acid peptide (DEVD) conjugated to a nucleic acid binding dye, which is 
intrinsically non-fluorescent because DEVD peptide inhibits the ability of the dye to bind 
to DNA. However, after activation of caspase-3/7 in apoptotic cells, the DEVD peptide is 
cleaved, enabling the dye to bind to DNA and produce a bright, fluorogenic response. 
ACM morphology was also observed under bright filed. As a positive control, cells were 
treated by staurosporine (1 μM, 6hr). As a negative control, cells without staining with the 
detection reagent were also observed. Fluorescence from this reagent was detected by 
confocal microscope with Exitation/Emission wave length at 488nm/525nm.  
Data and Statistical Analysis 
All results are shown as mean standard error (SE). Unpaired Student’s t-test was 
performed for two data sets. For multiple comparisons, one-way ANOVA followed by 
posthoc Tukey test was performed. Statistical significance was set as a P value of <0.05.
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Supplementary Figures 
 
Supplementary Fig. 1. Effect of GqPCR stimulation on cytosolic Ca2+ transient in 
H9C2 cells.  
H9C2 cells were stimulated by Phe (100 μM) (black), Histamine (His) (1 μM) (green), 
endothelin-1 (ET-1) (100 nM) (blue) at the time point shown as an arrow. [Ca2+]c were 
monitored by Fura-red. TG (3 μM) (red) stimulation is shown for comparison. Averaged 
time courses of [Ca2+]c after stimulation is shown.  
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Supplementary Fig. 2. Effect of MCU and MCUB overexpression on cytosolic Ca2+ 
transient induced by TG in H9C2 cells.  
H9C2 cells were transfected by either MCU-Flag or MCUB-flag and used for experiments 
after 48-hr transfection. [Ca2+]c was monitored by Fura-red. Cells were stimulated by TG 
(3 μM) at the time point shown as an arrow. Averaged time courses of [Ca2+]c after TG 
stimulation are shown. 
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Supplementary Fig. 3. Effect of α1A-AR overexpression on cytosolic Ca2+ transient 
induced by Phe in H9C2 cells.  
H9C2 cells were transfected by α1A-AR and used for experiments after 48-hr transfection 
(red). [Ca2+]c was monitored by Fura-red. Cells were stimulated with Phe (100 μM) at the 
time point indicated with an arrow. Averaged time courses of [Ca2+]c after Phe stimulation 
are shown. [Ca2+]c were monitored by Fura-red. Averaged time course of non-transfected 
cells are also shown for comparison (black) (see also supplementary Fig. 1). 
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Supplementary Fig. 4. Effect of GqPCR stimulation on downstream kinase 
activation H9C2 cells.  
H9C2 cells were stimulated by Histamine (His) (1 μM), endothelin-1 (ET) (100 nM) and 
Phe (100 μM) for 5 min, harvested and whole cell lysates were prepared. Activation of 
major GqPCR downstream kinase, protein kinase D (PKD) was detected by anti-p-PKD1 
(Ser 916) antibody. Expression of PKD was detected by anti-PKD antibody. Tubulin is 
shown as a loading control. 
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Supplementary Fig. 5. Effect of adrenergic stimulation on [Ca2+]mt and [Ca2+]c in 
H9C2 cells.  
A. Effect of Phe pretreatment on [Ca2+]mt and [Ca2+]c in the presence of α1-AR antagonist, 
prazosin (Praz 1 μM). [Ca2+]mt (right) and [Ca2+]c (left) after TG stimulation in cells with or 
without pretreatment of Phe (100 μM, 15 min) and (Praz 1 μM, 25min) are shown. 
Prazosin was applied prior to Phe stimulation (10 min before Phe application). [Ca2+]mt 
and [Ca2+]c were measured using Mitycam and Fura-red, respectively. *p<0.05. B. 
Concentration-response curves for Phe effect on [Ca2+]mt after TG application. The 
relationship between the Mitycam fluorescence and the concentration of Phe was fitted 
with logistic equation. C. Effect of isoproterenol (Iso) pretreatment on [Ca2+]mt. Averaged 
[Ca2+]mt after TG stimulation in cells with or without pretreatment of Iso (1 μM, 15 min) is 
shown. Phe-pretreated cells are shown for comparison. *p<0.05. 
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Supplementary Fig. 6. α1-AR stimulation accelerates mitochondrial Ca2+ uptake in 
rat neonatal cardiomyocytes (NCMs).  
Averaged time courses of [Ca2+]mt after TG stimulation in cells with Phe (100 μM, 15 min 
in the presence of 1 μM propranorol) (red) or norepinephrine (blue) (10 μM, 15 min) 
pretreatment. An averaged time course of [Ca2+]mt after TG stimulation in non-pretreated 
cells is also shown. An Arrow indicates the timing of TG application (0min).  
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Supplementary Fig. 7. Effect of Mito-TEMPO on Pyk2 activation / translocation and 
MCU phosphorylation in HEK 293T cells stably-overexpressing MCU-Flag 
A. HEK 293T cells stably-overexpressing MCU-Flag were treated by 100 μM Phe for 15 
min in the presence or absence of 10 μM Mito-TEMPO and whole cell lysates (WCL) 
were obtained. Pyk2 activation was evaluated using anti-phospho-Pyk2 antibody (p-Pyk2). 
The blots shown are representative of 3 replicates. B. HEK 293T cells 
stably-overexpressing MCU-Flag were treated by 100 μM Phe for 15 min in the presence 
or absence of 10 μM Mito-TEMPO and mitochondria-enriched fraction proteins were 
prepared. The blots shown are representative of 3 replicates. C. Left: IP of WCL from 
HEK 293T cells stably-overexpressing MCU-Flag before and after Phe stimulation in the 
presence or absence of Mito-TEMPO pretreatment. IP was performed using anti-Flag 
antibody (see also supplementary Fig.11). Right: Summary data of phosphorylation of 
MCU. *p<0.05. N.S., no significance.  
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Supplementary Fig. 8. MCU topology and sub-mitochondrial distribution of Pyk2. 
Proteins with known localization are immunoblotted and labeled according to their 
topology (see right panel). Red dots indicate the antibody binding sites. The OMM 
proteins (e.g. VDAC and Mfn2) were digested significantly by proteinase K (PK) without 
application of digitonin (Dig). In the presence of increasing concentrations of Dig, OMM 
and the intermembrane space (IMS) were digested by PK in a 
Dig-concentration-dependent manner. All the proteins shown were confirmed as 
substrates for PK by significant digestion in the presence of Triton X-100.  
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Supplementary Fig. 9. Overexpression of GFP-tagged Pyk2-KD inhibits 
Phe-induced MCU phosphorylation in HEK 293T cells stably-overexpressing 
MCU-Flag.  
HEK293T cells stably-overexpressing MCU-Flag were transfected with either GFP 
(pEGFP-C1) or GFP-tagged Pyk2-KD and mitochondrial fractions were prepared before 
and after Phe stimulation. MCU phosphorylation was detected by anti-P-Tyr antibody. 
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Supplementary Fig. 10. Phe stimulation enhances the interaction between 
MCU-Flag and MCU-GFP in HEK293Tcells 
A. HEK 293T cells stably-overexpressing MCU-Flag were transfetced with MCU-GFP or 
an equal amount of pEGFP-C1. MCU-GFP was immunoprecipitated from cell extracts 
with a anti-GFP antibody. The co-immunoprecipitated proteins were immunoblotted with 
anti-flag and anti-GFP antibodies. B. Summary data of ratio of MCU-GFP / MCU-Flag 
binding obtained from co-IP experiments shown in A. *P<0.05.  
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Supplementary Fig. 11. α1-AR stimulation enhances the oligomerization of MCU via 
PyK2 activation in HEK293Tcells 
A. Left: HEK293T cells stably overexpressing MCU-Flag were treated with 100 μM Phe 
for 15 min in the presence or absence of NAC treatment. Mitochondrial fractions were 
prepared, separated by polyacrylamide gel (Natve-PAGE) under non-dissociating 
conditions (top) and blotted by anti-MCU antibody. The same amount of protein was 
separated by standard SDS-PAGE as verified by the total amount of MCU monomer 
(bottom). The blots shown are representative of 4 replicates. Right: Summary data. 
*P<0.05, compared to control cells without Phe and NAC. B. HEK293T cells stably 
overexpressing MCU-Flag were transfected with GFP-Pyk2KD and then exposed to 100 
μM Phe for 15 min. Cells transfected with an equal amount of pEGFP-C1 were used as 
control (left). The blots shown are representative of 3 replicates. Right: Summary data. 
*P<0.05, compared to control cells without Phe and GFP-Pyk2KD. 
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Supplementary Fig. 12. Pyk2 activation is ROS-dependent and Ca2+-dependent in 
but the treatment of thapsigargin does not activate Pyk2 in H9C2 cells. 
H9C2 cells were stimulated by Ionomycin (Ion) (1 μM), H2O2 (50 μM), Phe (100 μM) and 
TG (1 μM) for 10 min, harvested and whole cell lysates were prepared. Activation of Pyk2 
was detected by P-Pyk2 antibody.  
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Supplementary Fig. 13. Pyk2 knockdown in H9C2 cells. 
H9C2 cells were transfected by pSuper-siRNA-Pyk2, harvested 48-hr transfection and 
and whole cell lysates were prepared. *P<0.05, compared to cells transfected with empty 
pSuper vector (black). 
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Supplementary Fig. 14. α1-AR-Pyk2 signaling initiates cell death in adult 
cardiomyocytes. 
Representative images of 24-hr treatment of Phe in the presence of prazosin (Praz) or 
PF-431696 (PF). Cell variability was monitored by cardiomyocyte morphology under the 
light microscope.  Twenty four-hour treatment of Phe increased ACM death, but the 
pretreatment with Praz or PF efficiently inhibits the increase in cell death induced by Phe. 
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Supplementary Fig. 15. Comparison of initial fluorescence levels of Mitycam in 
different experimental settings 
Initial fluorescence levels of Mitycam (Fo) collected from H9C2 cells used in this study 
were summarized. There were no significant changes of Fo between the different 
experimental settings.  
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